T follicular helper (T FH ) cells have been shown to be critically required for the germinal center (GC) reaction where B cells undergo class switch recombination and clonal selection to generate high affinity neutralizing antibodies. However, detailed knowledge of the physiological cues within the GC microenvironment that regulate T cell help is limited. The cAMP-elevating, G s protein-coupled A2a adenosine receptor (A2aR) is an evolutionarily conserved receptor that limits and redirects cellular immunity. However, the role of A2aR in humoral immunity and B cell differentiation is unknown. We hypothesized that the hypoxic microenvironment within the GC facilitates an extracellular adenosinerich milieu, which serves to limit T FH frequency and function, and also promotes immunosuppressive T follicular regulatory cells (T FR ). In support of this hypothesis, we found that following immu-
Novel vaccination strategies to elicit high affinity broadly neutralizing antibodies to difficult immunogens such as HIV-1 and influenza require detailed investigation into the physiologically relevant, evolutionarily conserved mechanisms that control humoral immunity. Ideally, such mechanisms that are easily pharmacologically targetable would be of particular value for vaccine design. Although work in recent years has yielded much new knowledge about the role of specific transcription factors and surface ligands that regulate humoral immunity (1) (2) (3) (4) , there have been somewhat fewer studies investigating the role of G protein-coupled receptors (GPCRs) 3 in regulating this process (5) (6) (7) (8) . In terms of the potential for modulating the vaccine response, GPCRs have the considerable advantage of often being readily targetable by small molecules, and thus represent one of the most studied and highly used classes of drugs in medicine (9) .
The germinal center (GC) is the microanatomic site where activated B cells undergo class switch recombination, somatic hypermutation, and clonal selection to produce effective, long lived antibody responses following vaccination (1, 10) . The GC reaction has been shown to be critically dependent on T follicular helper cells (T FH ), which provide help to B cells through a variety of surface molecules such as ICOS (inducible costimulator) and CD40 ligand (CD40L) and by soluble cytokines, such as IL-4 and IL-21, as well (11) . T FH have been shown to be limiting for both entry into the GC as well as for GC maintenance and affinity maturation during the iterative process of somatic hypermutation and clonal selection (2, 3) . Studies of mechanisms that regulate the GC have led to the identification of a relatively new subset of T regulatory (T reg ) cells, T follicular regulatory cells (T FR ) (12, 13) , which have been shown to limit the GC reaction partially through the action of the inhibitory receptor CTLA-4 (14, 15) .
The A2a adenosine receptor (A2aR) has been shown to be a cyclic AMP-elevating, G S protein-coupled GPCR that can limit cellular immunity in vivo in multiple murine models of inflammation (16, 17) and anti-tumor responses (18) . Additional evidence has shown that the role of A2aR in limiting inflammation appears to be phylogenetically conserved on human T cells (19 -21) . Functionally, A2aR has been shown to be expressed at higher levels on differentiated human Th1 and Th2 cells that produce cytokines (19) . However, the role of A2aR in regulating humoral immunity following vaccination or infection has remained largely unexplored.
We recently reported that the GC develops a hypoxic microenvironment that promotes B cell differentiation (22) . Because hypoxic microenvironments are also often rich in extracellular adenosine ("hypoxia-adenosinergic") ( hypothesized that the hypoxic GC develops an adenosine-rich microenvironment that could serve to regulate local T cell help through A2aR. We show here that A2aR is indeed required for maintaining normal frequencies of T FH , T FH /T FR ratios, and the overall ratio of T to B cells in GCs. Additionally, we found that A2aR deletion results in increased frequencies of GC B cells and class switching to IgG1 within GCs. Utilizing a T cell transfer model, we determined these observed differences to be due largely to A2aR signaling specifically on CD4 T cells. Lastly, in excellent correlation with these determinations, we found that pharmacological stimulation of the A2aR from days 2 to 8 following primary vaccination led to significant decreases in the frequency of GC B cells and T follicular cells as well as reduced class switching of GC B cells to IgG1.
Results
T Follicular Cells Have the Potential to Generate Extracellular Adenosine and Express Functional A2aR-To ascertain whether the GC comprises regions of high extracellular adenosine (exAdo), we looked for a proxy for adenosine generation as direct measurement of exAdo via equilibrium microdialysis probes is not technically feasible. Expression of the glycosylphosphatidylinositol (GPI)-linked ecto-enzyme 5Ј-nucleotidase (CD73), which catalyzes the degradation of AMP to adenosine (17, 23) , is often up-regulated in hypoxic conditions (17, 24 -27) . Therefore, in lieu of direct exAdo measurements, we assessed whether CD73 was up-regulated on T FH and T FR as defined by the diagnostic CD4 ϩ ,B220 Ϫ ,CXCR5 ϩ , PD-1 ϩ , FoxP3 Ϫ and CD4 ϩ , B220 Ϫ , CXCR5 ϩ , PD-1 ϩ ,FoxP3 ϩ phenotypes, respectively. We found that CD73 is highly expressed on both T FH and T FR (Fig. 1A) , consistent with other groups showing high expression on T follicular cells (28) . Because a clear definition of GC T FH by flow cytometry in mouse is somewhat difficult, we opted to directly stain GCs for CD73 by immunohistology in situ to assess whether CD73 was detectable within GCs. We found prominent expression of CD73 by a subset of cells within the GCs (Fig. 1B) .
With the observation that the GC is likely under the influence of the hypoxia adenosinergic pathway, we next assessed whether A2aR is prominently expressed on T follicular cells. Due to the fact that there is no reliable monoclonal antibody for detecting mouse A2aR via flow cytometry, we opted to purify T follicular cells by fluorescence-activated cell sorting and then stimulate the cells with A2aR-specific agonist CGS21680 (CGS) in vitro and measure downstream cAMP induction. We found that both control CD4 T cells and to a greater extent T follicular cells showed increases in cAMP upon A2aR stimulation, indicative of functional A2aR expression ( Fig. 1, C and D) .
The A2a Adenosine Receptor Regulates T Follicular Cells and GC B Cells following Immunization-To test our hypothesis that exAdo in the GC regulates the GC via the A2aR, we chose to immunize A2aR-deficient mice (A2aRKO) i.p. with the hapten-protein conjugate, 4-hydroxy-3-nitrophenyl(acetyl) ovalbumin (NP-OVA), precipitated in aluminum hydroxide adjuvant (alum), and assessed the induction of splenic T follicular cells 12 days after immunization. By flow cytometric analysis, we found that A2aRKO mice exhibited significant increases in the frequency of T follicular cells as defined by either CD4 ϩ ,CD8 Ϫ ,CXCR5 ϩ , PD-1 ϩ , or CD4 ϩ ,B220 Ϫ , CXCR5 ϩ , BCL-6 ϩ phenotypes (Fig. 2, A and B) when compared with C57Bl/6J WT controls. Furthermore, we determined that naive unimmunized A2aRKO mice housed in our specific pathogen-free vivarium contained no appreciable perturbations in major lymphocyte population or the frequency of naive CD4 T cells capable of responding to immunization (supplemental Fig. S1 ).
Consistent with the increase in frequencies of T follicular cells, we noted a significant increase in the frequency of T follicular cells in A2aRKO mice that expressed the proliferation marker Ki-67 ( Fig. 2C ). To determine whether the increase in T follicular cells was reflected in the proportion of T cells within the GC, we performed immunohistology to quantify T cells in GCs. Indeed, we found a significant increase (p Ͻ 0.01 ϫ 10 Ϫ15 ) in the fraction of TCR␤ ϩ cells contained within the GC areas as determined by GL-7 and B220 staining ( Fig. 2D ).
FIGURE 1. T follicular cells demonstrate capacity for A2aR signaling. A,
representative flow cytometric plot 8 days following i.p. NP-OVA/alum immunization depicting CD73 expression on total CD4 T cells, T FH gated as CD4 ϩ , B220 Ϫ , CXCR5 ϩ , PD-1 ϩ , Foxp3 Ϫ , and T FR gated as CD4 ϩ , B220 Ϫ , CXCR5 ϩ , PD-1 ϩ , Foxp3 ϩ . B, histological analysis of a splenic germinal center 12 days following i.p. immunization with NP-OVA/alum staining for B220 (blue), GL7 (green), and CD73 (red). The image was taken using a 20ϫ objective. C, sort layout for CD4 and T follicular CD4 T cells gated as scatter, singlet, live, CD19 Ϫ ,CD11c Ϫ , GR-1 Ϫ , CD8 Ϫ , CD4 ϩ , TCR␤ ϩ . D, ELISA results from cAMP induced following stimulation with CGS21680 of sorted T follicular or CD4 T cells. *, p Ͻ 0.05. Data are representative of at least two independent experiments. ELISA wells were run in duplicate.
Because the T follicular compartment (CD4 ϩ ,B220 Ϫ ,CXCR5 ϩ , PD-1 ϩ ) contains both T FH and T FR , we wanted to determine whether our observed increases in T follicular cells in A2aRKO mice were a proportional increase between the two populations, or whether either population was more favorably expanded. To distinguish T FH from T FR , we utilized the detection of the transcription factor Foxp3, thus defining T FR as CD4 ϩ ,B220 Ϫ ,CXCR5 ϩ , PD-1 ϩ , Foxp3 ϩ and T FH as CD4 ϩ , B220 Ϫ ,CXCR5 ϩ , PD-1 ϩ , Foxp3 Ϫ . In this way, we found that A2aRKO mice exhibit a significant increase in the proportion of T FH to T FR ( Fig. 2E) , showing reduced relative frequency of T FR . Taken together with our data showing expansion of T follicular cells (CD4 ϩ ,B220 Ϫ ,CXCR5 ϩ , PD-1 ϩ ), this relative reduction in T FR frequency suggests that A2aR deficiency allows for selective expansion of the T FH population.
We next sought to determine whether A2aR deficiency affected functional aspects of T FH and T FR . Further investigation into the activation state of T FH revealed that T FH in A2aR KO mice exhibited increased expression level of the co-activator ICOS (Fig. 2F) , which is critical for T FH development 
. The A2a adenosine receptor regulates T follicular cells and GC B cells following immunization.
A and B, representative flow cytometric plots of splenic T follicular cells of WT or A2aRKO mice immunized i.p. with NP-OVA/alum 12 days following immunization. Cells were gated as scatter, singlet, live, CD4 ϩ , B220 Ϫ . C, Ki-67 expression of cells described in A, gated as scatter, singlet, live, CD4 ϩ , B220 Ϫ , CXCR5 ϩ , PD-1 ϩ . D, histological analysis of GCs on day 12 as described in A of WT or A2aR KO mice (upper). Quantification of TCR␤ ϩ cells within the germinal center from 5 mice per group was as follows: n ϭ 189 GCs analyzed for A2aRKO, and n ϭ 113 GCs for analyzed WT. Each bar represents one mouse, each dot represents one GC. E, Foxp3 staining of cells gated as in C to identify T FR and T FH . F, ICOS expression of T FH gated as scatter, singlet, live, CD4 ϩ , B220 Ϫ , CXCR5 ϩ , PD-1 ϩ , Foxp3 Ϫ . G and H, expression of Foxp3 and CTLA-4 on T FR as defined by scatter, singlet, live, CD4 ϩ , B220 Ϫ , CXCR5 ϩ , PD-1 ϩ , Foxp3 ϩ . I, GC frequencies of WT or A2aRKO mice as defined by scatter, singlet, live, CD4 Ϫ , B220 ϩ , CD38 Ϫ , GL7 ϩ . J, IgG1 ϩ cells within the GC gated cells were defined as in I. Data are representative of at least two independent experiments containing 5-10 mice per group. Images were taken using a 20ϫ objective.
(29) and is one mechanism by which T FH provide help to GC B cells (2) .
Due to the fact that A2aR signaling is known to promote the function of conventional T reg (30) , and T FR are thought to arise from natural T reg (12, 13) , we hypothesized that A2aR may have a similar function on T FR by potentiating T FR regulatory capacity. Analysis of the T FR population revealed a significant decrease in Foxp3 expression level in A2aRKO mice (Fig. 2G ), suggesting the possibility that A2aRKO T FR may have reduced suppressive ability. To investigate this notion further, we determined the level of CTLA-4 expression on T FR in A2aRKO mice, as CTLA-4 expression has been specifically shown to be one of the mechanisms by which T FR suppress GC reactions (14, 15) . In support of the hypothesis that A2aR signaling promotes T FR suppressive capacity, we found that A2aRKO mice had reduced expression of CTLA-4 on T FR (Fig. 2H) .
Consistent with the observation of increased T FH frequencies and potential increase in T cell help capacity in A2aRKO mice, we investigated the GC compartment by flow cytometry as defined by B220 ϩ , CD4 Ϫ , CD38 Ϫ , GL-7 ϩ . Consequently, we found a small but statistical increase in frequencies of GC B cells in A2aRKO mice on day 12 following immunization ( Fig.  2I ). It is important to note that the increase we observed in GC B cells was not as substantial as the increases we observed within the T follicular compartment (Fig. 2, A and B) , consistent with our histological analysis showing increased frequency of T cells within the GC (Fig. 2D ). We next sought to investigate whether GC B cells were more functionally differentiated in A2aRKO mice. We observed that on day 12 following immunization, there was a greater proportion of class-switched IgG1 ϩ cells within the GC B cell compartment in A2aRKO mice when compared with WT controls (Fig. 2J ).
A2aR Deficiency in T Cells Leads to Expanded T Cell Help in the GC-We next asked whether these functional effects could be specifically attributed to A2aR signaling directly in T cells. To answer this question, we purified CD4 T cells by magnetic depletion and transferred equal numbers of either WT or A2aRKO CD4 T cells into mice genetically lacking T cells (TCR␤/␦) KO mice, thus generating mice in which A2aR deficiency is specific to the CD4 T cell compartment (referred to as WT CD4 or A2aRKO CD4 ) (Fig. 3A) .
After resting the mice for 4 days, we immunized them with NP-OVA/alum i.p. as we did before and determined the frequencies of splenic T follicular and GC B cells 12 days following immunization (Fig. 3A) . We determined by flow cytometry that A2aRKO CD4 mice showed significant increases in T follicular frequencies (Fig. 3B ) as well as a reduced proportion of T FR to T FH (Fig. 3C ), suggesting a preferential expansion of T FH in A2aRKO CD4 mice. We also observed decreases in CTLA-4 expression on T FR in A2aRKO CD4 mice (Fig. 3D ). Taken together, these data suggest that increases in the potential for T cell help in total A2aRKO mice are largely due to lack of intrinsic A2aR signaling in CD4 T cells.
Consistent with this observation, we noted a small but statistically significant increase in GC B cell frequency in A2aRKO CD4 mice when compared with controls ( Fig. 3E ). Most strikingly, however, we found a nearly 10-fold increase in class switching of GC B cells to IgG1 in A2aRKO CD4 mice (Fig.   3F ). This observation further supports the hypothesis that A2aR on CD4 T cells functionally limits T cell help to GC B cells.
Stimulation of A2aR Suppresses T Follicular and GC Frequencies-Because we determined that A2aR signaling is required in regulating T follicular responses and GCs in vivo,
we asked whether this pathway could be modulated by pharmacological manipulation following vaccination. To test this prediction, we immunized WT C57Bl/6J mice i.p. with NP-OVA/ alum as before and administered the A2aR-specific agonist CGS twice daily starting from day 2 to day 8 following immunization (Fig. 4A ). We found that splenic T follicular cells were significantly reduced on day 8 in mice treated with CGS when compared with vehicle control (Fig. 4B) . Additionally, we found 
. A2aR deficiency on T cells leads to expanded T cell help in the GC.
A, schematic overview of experimental design. B, splenic T follicular frequencies on day 12 following immunization of WT or A2aRKO chimeric mice. Cells were gated as scatter, singlet, live, CD4 ϩ , B220 Ϫ , CXCR5 ϩ , PD-1 ϩ . C and D, relative frequency of T FR defined as scatter, singlet, live, CD4 ϩ , B220 Ϫ , CXCR5 ϩ , PD-1 ϩ , Foxp3 ϩ and the proportion of T FR highly expressing CTLA-4 within the T FR gate. E, representative flow plots of GC B cells from WT or A2aRKO chimeric mice immunized as in A. Cells were gated as scatter, singlet, live, CD4 Ϫ , B220 ϩ , CD38 Ϫ , GL7 ϩ . F, frequency of IgG1 ϩ cells within the GC gate of WT or A2aRKO chimeric mice as defined in E. Data are representative of at least two independent experiments containing 5-10 mice per group.
that the GC B cell population was significantly reduced in mice treated with CGS ( Fig. 4C) . Moreover, CGS-treated mice exhibited impairment in functional differentiation of GC B cells as evidenced by reduced frequencies of class-switched IgG1 ϩ GC B cells (Fig. 4D ). Consistent with our data from A2aRKO and A2aRKO CD4 mice, the results from our studies utilizing CGS indicate that extracellular adenosine signaling through A2aR serves to limit the GC reaction. Furthermore, these studies show that this pathway can be pharmacologically manipulated following vaccination.
Discussion
Taken together, our data reveal a previously unknown role for extracellular adenosine signaling through A2aR in the regulation of GC responses. We found that following immunization, A2aR functions to limit the magnitude of T FH help and that both A2aRKO and chimeric A2aRKO CD4 mice exhibit increased T follicular and GC B cell frequencies as well as GC B cell class switching to IgG1 (Figs. 2 and 3 ). A2aR deficiency also revealed potential reductions in relative T FR frequencies and function via CTLA-4 expression in both A2aRKO and A2aRKO CD4 mice when compared with respective controls (Figs. 2, E and H, and 3, C and D) . Reaffirming these observations for a clear role of A2aR signaling in regulation of GCs, we found that administration of A2aR-specific agonist CGS from days 2 to 8 following immunization led to significant decreases in T follicular frequencies, GC B cell frequencies, and GC B cell class switching to IgG1 (Fig. 4) . Taken together, these data support the hypothesis that A2aR plays a key role in regulating T cell help within the GC.
While this investigation into the role of A2aR in regulating GC responses has provided evidence for a clear role for A2aR in regulating T follicular help within the GC, it is important to note both the limitations of our study and future directions. Although we show that A2aR intrinsically regulates CD4 T cell help in adoptive transfer studies ( Fig. 3) , it remains to be seen whether A2aR signaling is most critical in limiting T FH function intrinsically or by potentiating the suppressive capacity of T FR intrinsically, or due to the combination of the two. Generation of conditional knock-out mice, in which A2aR is specifically ablated in T FR independently, may help answer these questions. Additionally, there is the possibility of further role(s) for A2aR signaling directly on GC B cells, as we were able to detect functional A2aR expression on GC B cells (data not shown).
It is tempting to postulate that extracellular adenosine signaling through A2aR serves to limit T cell help within the GC to both regulate clonal entry into the GC, as T cell help has been shown to be limiting for this process (31) , and maintain an appropriate level of T cell help within the GC to drive affinity maturation. This notion also raises the idea that limiting T cell help within the GC microenvironment by A2aR signaling on T FH and T FR may serve to limit the genetic event of class switch recombination, which is the product of induced DNA damage (32) (33) (34) , and if left unchecked may lead to off-target deleterious mutations (35) . Furthermore, this regulation of T cell help by A2aR may help prevent the generation of autoreactive effector B cells that occurs in uncontrolled GC responses such as in systemic lupus erythematous (36, 37) .
In terms of vaccine design, it is important to appreciate that both A2aR agonist and A2aR antagonist have been safely administered in human trials and approved for human use (38 -40) , and A2aR signaling appears to be phylogenetically conserved on human CD4 T cells (19) . Perhaps pharmacological manipulation of the A2a receptor during different time points following vaccination could modulate the magnitude and/or epitope specificity for responding B cells to difficult immunogens such as candidate flu and HIV vaccines. Moreover, it is also a possibility that stimulating A2aR during established GC reactions for certain immunogens may help guide affinity maturation, as excessive T cell help has been shown to impair this process (41) .
Clearly, future studies are needed to answer these questions. We view this study as opening the door for future work to elucidate the full role of adenosine signaling in the vaccine A, schematic overview of experimental design. B, frequency of splenic T follicular cells of WT mice on day 8 (d8) following immunization with NP-OVA/ alum and treated with A2aR agonist CGS21680 two times daily (0.5 mg/kg) or vehicle control from days 2 to 8. Cells were gated as scatter, singlet, live, CD4 ϩ , B220 Ϫ , CXCR5 ϩ , PD-1 ϩ . C, GC frequencies of mice treated as in B. Cells were gated as scatter, singlet, live, CD4 Ϫ , B220 ϩ , CD38 Ϫ , GL7 ϩ . D, frequency of IgG1 ϩ cells within GCs of mice treated as in B and C, and gated as in C. Data are representative of at least two independent experiments containing 5-7 mice per group. response and in diseases in which GC-derived autoantibodies may contribute to the pathology.
Experimental Procedures
Mice and Immunizations-A2aR gene (Adora2a)-deficient mice were originally generated as described (42) , and backcrossed on to C57Bl/6J for 13 generations. Mice were held under specific pathogen-free conditions at Northeastern University. Age-and sex-matched wild type C57Bl/6J mice were purchased from The Jackson Laboratory (Bar Harbor, ME). Female mice between 8 and 12 weeks of age were used for most experiments. TCR␤/␦ knock-out mice were purchased from The Jackson Laboratory and maintained as a breeding colony at Northeastern University. NP-OVA was conjugated in-house at a valency of 4 -8 NP molecules per OVA. In most experiments, mice were immunized with 3 g of NP-OVA i.p. in co-precipitated alum hydroxide. CGS21680 injections were given in Hanks' balanced salt solution subcutaneously twice daily at a dose of 0.5 mg/kg. All animal work was done in accordance with Institutional Animal Care and Use Committee (IACUC) protocols at Northeastern University.
Cell Transfer-CD4 ϩ Resting T cells were purified by magnetic depletion using the CD4 T cell isolation kit (Miltenyi Biotec) according to the manufacturer's instructions. Depletion was done using an autoMACS (Miltenyi Biotec), and purity was assessed to be greater than 95% by flow cytometry following purification. Cells (ranging between 1 and 3 ϫ 10 6 /mice per experiment depending on recovery) were washed with Hanks' balanced salt solution and transferred i.p., and then recipient mice were rested for 4 days and immunized.
Cell Sorting and Flow Cytometry-Single cell suspensions were prepared by mechanical dissociation in FACS buffer (5% FCS in PBS). Cells were counted, and then Fc Block (2.4G2) was added for 10 min. Fluorescently conjugated mAbs were then added to each sample for 30 min at 4°C. Fluorescently conjugated mAbs used were purchased from eBioscience, BD Biosciences, and BioLegend. Cells were acquired on a Cytek DxP 8 upgraded FACSCalibur, a BD Biosciences LSRII, or a BD Biosciences LSRFortessa. Cell sorting was done on a BD Biosciences Aria II. Analysis was done on FlowJo X (TreeStar). For cell sorting for T follicular and CD4 T cells, generally pools of 5-10 mice in a given experiment (day 8 following NP-OVA/ alum) were used to recover enough cells for the functional assay to detect A2aR.
ELISA-cAMP detection was done essentially as described (18) .
Histology-Spleens from immunized mice were frozen in Tissue-Tek compound in a liquid nitrogen-cooled bath of 2-methylbutane. 5-m sections were cut on a cryostat, airdried, fixed in a 1:1 mixture of acetone and methanol, and kept frozen until staining. The staining procedure was done generally as described (26) .
For CD73 imaging, a Nikon Eclipse e80i was used with Spot software. Fluorochromes used were Alexa Fluor 350, FITC/ anti-FITC Oregon Green 488, and phycoerythrin. For T cell quantification, images were acquired using a Zeiss LSM 710 microscope, and then collected using Zen software. ImageJ/Fiji was used for analysis. Fluorochromes used include Alexa Fluor 488, phycoerythrin, and Pacific Blue. Mask files were created for GCs (B220 ϩ , GL-7 ϩ ) and T cells (TCR␤ ϩ ). T cell occupancy of GC was assessed by quantifying the percentage of the area of the GC mask that overlaps with the TCR␤ mask. 
